Inhibition of Rho kinase (ROCK) ameliorates many cardiovascular dysfunctions. The aim of the current study is to investigate the anti-inflammatory effects of fasudil, a selective ROCK inhibitor, on high cholesterol diet-induced hypercholesterolemic rats and its possible mechanisms. In hypercholesterolemic rats, we found the serum levels of total cholesterol (TC), low-density lipoprotein cholesterol (LDL-C) and several inflammatory markers including interleukin (IL)-8, IL-6, C-reaction protein (CRP) and soluble intercellular adhesion molecule (sICAM)-1 significantly elevated, while those of high-density lipoprotein cholesterol (HDL-C) and triglyceride (TG) decreased. Moreover, mRNA expressions of ROCK and nuclear factor-kappa B (NF-k kB) and activity of ROCK in thoracic aorta were greatly up-regulated. Remarkably, administrating fasudil (10, 30 mg/kg per day) or simvastatin (10 mg/kg per day) to hypercholesterolemic rats for 2 weeks, activation of ROCK and NF-k kB in thoracic aorta were suppressed, status of dyslipidemia were improved and inflammatory markers lowered. From the histopathological examination, fasudil treatment was found to lessen the thickening noted in the aortic intima and media of the hypercholesterolemic rats. These results suggested fasudil-induced inhibition of ROCK may improve lipid metabolism and has anti-inflammatory effect, which might expand the clinical application of fasudil as a new therapy for hypercholesterolemia and preventing the development of atherosclerosis.
Atherosclerosis is the leading cause of cardiovascular morbidity and mortality in the world, and hypercholesterolemia is one of the most important risk factors for atherosclerosis and subsequent cardiovascular disease. Various factors are known to be involved in the progression of hypercholesterolemia, including dyslipidemia, production of inflammatory cytokines and oxidative stress. Hypercholesterolemia-induced inflammatory response has been reported in rabbits within a few days of feeding a high cholesterol enriched diet, that is, long before the appearance of fatty streak lesions in large arteries. 1) Although the precise intracellular transduction pathways involved remain unknown, previous studies strongly indicated that nuclear factor-kappa B (NF-kB) was involved in this process. 2) Rho kinase (ROCK) is the first and the best-characterized effector of the small G-protein RhoA. Besides its effect on the regulation of actin cytoskeleton, ROCK plays a central role in diverse cellular functions such as smooth muscle cell contraction, stress fiber formation, and cell migration and proliferation.
3) Accumulating evidence indicates that ROCKmediated pathway is involved in all stages of the inflammatory process. ROCK has been shown to be activated at inflammatory arteriosclerotic lesions in human, 4) and inhibition of ROCK significantly limited early atherosclerotic plaque formation in apolipoprotein E-knockout (apoE-KO) mice 5) and low-density lipoprotein receptor knockout (LDLR-KO) mice 6) by inhibiting NF-kB activation. The anti-inflammatory properties of statins (3-hydroxy-methylglutaryl CoA reductase inhibitors) are believed to be mediated by inhibition of Rho protein isoprenylation and the subsequent activation of ROCK. 7, 8) Recently, Yu et al. 9) reported that fasudil, a potent and specific inhibitor of ROCK, suppressed the inflammatory response in autoimmune encephalomyelitis by inhibiting T-cell proliferation and infiltrates of inflammatory cells within the central nervous system. Therefore, ROCK inhibitors might be a promising approach for the treatment of patients with hypercholesterolemia. Thus, the purpose of this study is to investigate the effect of fasudil, an inhibitor of ROCK, on high cholesterol diet (HCD)-induced hypercholesterolemic rats and its possible mechanisms in vivo. Animals Male Sprague-Dawley (SD) rats weighing 170-210 g were purchased from Experimental Animal Center, Hebei Medical University, and they were housed in plastic cages with well ventilated stainless steel grid top at room temperature with a 12 h light/dark cycle, meanwhile, they received normal rat chow as well as drinking water ad libitum. All animal-handling procedures were in accordance with the Guidelines of Animal Experiments from the Committee of Medical Ethics, National Health Department of China.
MATERIALS AND METHODS

Materials
Experimental Design After 1 week of accustomization, thirty male SD rats were weighed and randomized into five groups (nϭ6 in each group): (1) Normal control group (Con): rats were fed a normal rat chow only. In addition to the normal control group, the other rats were all fed a highcholesterol diet (normal rat chow supplemented with 4% cholesterol, 1% sodium tauroglycocholate and 0.5% propylthiouracil; HCD) for 4 weeks 10) and received different treatment 2 weeks after the HCD feeding. ( 2) The high-cholesterol group (HCD): rats received physiological saline (1 ml/100 g per day) by intraperitoneal injection. (3) The simvastatin-treated group (Sim): rats were administered simvas-tatin (10 mg/kg per day) by oral gavage. (4) The low-dose fasudil treated group: rats received fasudil hydrochloride (10 mg/kg, F10) by intraperitoneal injection. (5) The highdose fasudil treated group: rats received fasudil hydrochloride (30 mg/kg per day, F30) by intraperitoneal injection. Treatment lasted for 2 weeks, and the situations of food-intake and activities of all rats were observed carefully everyday.
On the 29th day of experiment, final body weight of each animal was recorded and overnight fasted animals were sacrificed by decapitation after sodium pentobarbital anesthesia. Blood from each animal was collected and serum was isolated for the estimation of lipid profiles and inflammatory markers. The aorta was immediately excised and rinsed in cold physiological saline. Just below the branch of the left subclavicular artery, the thoracic aorta of 3 mm length was immediately prepared for histological examination and immunohistochemical analysis. The remaining aortic samples were frozen and stored at Ϫ86°C for reverse transcriptionpolymerase chain reaction (RT-PCR) and western blot analysis.
Estimation of Lipid Profiles in Serum Fasting serum lipids including total cholesterol (TC), triglyceride (TG), high-density lipoprotein cholesterol (HDL-C) and low-density lipoprotein cholesterol (LDL-C) were estimated by colorimetric methods with commercially available kits (Jian Cheng Biological Engineering Institute, Nanjing, China).
Measurement of Inflammatory Markers in Serum
The concentrations of serum interleukin-6 (IL-6) and interleukin-8 (IL-8) were determined by radioimmunoassay (RIA) according to the instructions of the kits (Northern Institute of Biotechnology, Beijing, China), whereas those of soluble intercellular adhesion molecule (sICAM)-1 and C-reaction protein (CRP) were assessed by enzyme-linked immunosorbent assay (R&D Systems, Minneapolis, U.S.A.).
RT-PCR Analysis for mRNA of ROCK1 and p65 Subunit of NF-k kB in Thoracic Aorta Total RNA was isolated from rapidly frozen aortic strips using Trizol reagent (Invitrogen, Carlsbad, U.S.A.) according to the manufacturer's instructions. The concentration and purity of total RNA were determined spectrophotometrically at wave lengths 260/280 nm. cDNA was synthesized using oligo(dT)20 and AMV reverse transcriptase (Takara Bio Inc., Dalian, China). PCR was performed by PCR kit (Takara Bio Inc., Dalian, China) for 30 cycles (ROCK1 and p65 subunit of NF-kB) or 25 cycles (glyceraldehyde-3-phosphate dehydrogenase (GAPDH)) at 94°C for 30 s, 55°C (ROCK1) or 60°C (GAPDH and p65 subunit of NF-kB) for 50 s, 72°C for 90 s. PCR products were normalized based on the level of GAPDH. Primers were designed according to mRNA sequences published in GenBank. 11, 12) Accession code for ROCK1 is U61266, p65 subunit of NF-kB is AF079314 and GAPDH is M17701 (Table 1) . Western Blot Analysis of ROCK Activity in Thoracic Aorta ROCK activity in aortic tissue was assayed as the amount of phosphorylated myosin phosphatase target subunit (p-MYPT1) at Ser-695 of myosin light chain (MLC) phosphatase.
Western blot analysis was performed as previously described, 13) with some modification. Briefly, strips of the aorta were homogenized in RIPA buffer (Sigma Chemical Co., St. Louis, U.S.A.). After the lysates were centrifuged at 12000 rpm for 5 min, supernatants were collected. Then the proteins were quantified by a modified Lowry protein assay. Equal amounts of proteins were separated by 12% sodium dodecyl sulfate-polyacrylamide gels electrophoresis (SDS-PAGE), and electro-transferred to a polyvinylidene difluoride (PVDF) membrane, and finally detected by a specific polyclonal antibody (Santa Cruz Biotechnology Inc., Santa Cruz, U.S.A.), which recognizes MYPT1 phosphorylated at Ser-695 by ROCK. GAPDH was used to monitor equal loading.
Immunohistochemical Analysis of NF-k kB in Thoracic Aorta The expression and localization of NF-kB was determined by detection the p65 subunit of NF-kB with immunohistochemical analysis. An immunohistochemical procedure was applied with minor modification. 14) Endogenous peroxidase activity was inhibited by incubation with 0.3% hydrogen peroxide. After blocking sections with 5% (w/v) bovine serum albumin (BSA), the sections were then treated with primary rabbit NF-kB p65 polyclonal antibodies (Santa Cruz Biotechnology Inc., Santa Cruz, U.S.A.) in phosphate buffered saline (PBS) containing 1% serum (overnight at 4°C), biotin-labeled secondary antibody (30 min at room temperature) and then avidin-biotin-peroxidase complex (Vector Laboratories, Burlingame, U.S.A.). The sections were stained using a diaminobenzidine (DAB) substrate kit (Vector Laboratories, Burlingame, U.S.A.) and the nuclei were counterstained with hematoxylin. The expression and localization of the p65 subunit of NF-kB was determined by microscopic observation of the brown peroxidase reaction product on the vascular wall of the thoracic aorta. Table 1 . PCR Primer Sequences PCR primer ROCKI Sense 5Ј-GAGCAACTACGATGTGCCTGA AAAG-3Ј Antisense 5Ј-GAT GAC GTT TGA TTT CCT CTAC-3Ј NF-kB Sense 5Ј-ACG ATC TGT TTC CCC TCA TCT-3Ј Antisense 5Ј-TGC TTC TCT CCC CAG GAATA-3Ј GAPDH Sense 5Ј-CAT GGT CTA CAT GTT CCAGT-3Ј Antisense 5Ј-GGC TAA GCA GTT GGT GGTGC-3Ј 
Histological Examination for Thoracic Aorta
The aortas isolated from each group were fixed in 10% (v/v) formalin in 50 mM potassium phosphate buffer (pH 7.0) for 24 h at 4°C. The tissues were subsequently embedded in paraffin, sectioned (4 mm) and stained with hematoxylin and eosin (H-E). Slides were observed under optical microscope (Olympus Japan Co., Tokyo, Japan) at a magnification of 400ϫ for histological changes.
Statistical Analysis Data analysis was conducted with SPSS software package for Windows (Version 11.5; SPSS Inc., Chicago, U.S.A.). Data distributions were examined for normality and homogeneity of variance. The values are expressed as meansϮS.D. if they are normally distributed. Comparisons among groups were performed using one-way analysis of variance (ANOVA) with post hoc test, followed by the least significance difference (LSD) test. For nonparametric analysis, we used the Mann-Whitney U-test with post hoc analysis to evaluate the difference among 5 groups. A value of pϽ0.05 was accepted as statistically significant.
RESULTS
Effects of Fasudil on Serum Lipids
The serum lipids were measured and presented in Table 2 . HCD group had significantly higher levels of TC and LDL-C, as well as lower levels of TG and HDL-C compared with control group. In consistent with published data, simvastatin treatment resulted in marked decrease of TC and LDL-C, and increase of HDL-C levels in serum compared with HCD group, but had no effect on TG level. High-dose (30 mg/kg) and low-dose (10 mg/ kg) of fasudil reduced TC level compared with HCD group, with the high-dose more effective than the low-dose. Highdose, but not low-dose fasudil, increased HDL-C compared to HCD group. Serum TG level tended to be lower after fasudil treatment, although not so apparently. Fasudil had no effect on serum LDL-C level.
Effects of Fasudil on Inflammatory Markers in Serum CRP, sICAM, IL-6 and IL-8 were tested to show the inflammatory markers in serum. As shown in Fig. 1 , HCD group had significantly elevated concentrations of CRP, sICAM, IL-6 and IL-8 compared with control group. Simvastatin resulted in significant suppression of CRP, sICAM, IL-6 and IL-8. Both doses of fasudil led to significant decreases of IL-6, IL-8 and sICAM levels. However, only high-dose fasudil reduced CRP level.
Effects of Fasudil on ROCK Protein in Thoracic Aorta HCD group showed higher level of ROCK mRNA expression in the thoracic aorta than control group. However, the mRNA expression was reduced remarkably after treatment with simvastatin or both doses of fasudil ( Fig. 2A) .
In addition, western blot analysis for p-MYPT1 was performed to quantify the activity of ROCK in hypercholesterolemic aorta. The extent of p-MYPT1 was significantly elevated in the thoracic aorta of HCD group, which was dramatically suppressed by treatment with simvastatin or fasudil (Fig. 2B) .
Effects of Fasudil on p65 Subunit of NF-k kB mRNA and Protein Levels in Thoracic Aorta
Immunohistochemical analysis showed relatively abundant expression of the NF-kB immunoactivity in both the endothelial and smooth muscle cells of the thoracic aorta in the HCD group, as well as the localization in the nuclei of intimal endothelial cells and medial smooth muscle cells. However, NF-kB expression was 1686 Vol. 34, No. 11 not found in the nuclei of vascular cells of control rats. After treatment with simvastatin or fasudil, the expression and localization of NF-kB in nuclei significantly declined (Fig.  3A) .
The mRNA expression of p65 subunit of NF-kB in HCD group was higher than that in control group. Simvastatin and fasudil groups showed remarkably lower p65 subunit of NFkB mRNA expressions compared with HCD group (Fig.  3B) . Figure 4 shows the H-E stained aortic segments from the experimental groups. In the aortic segments from the HCD group, there was a pathological thickening of the intima and media. This change was ameliorated by simvastatin and both doses of fasudil treatments.
Histological Examination for Thoracic Aorta
DISCUSSION
Hydroxyfasudil is a highly selective ROCK inhibitor. 15, 16) In this study, we used a previously published dose (30 mg/kg daily) 17) that resulted in a marked inhibition of in vivo ROCK activity as shown in HCD-induced hypercholesterolemic aortas of fasudil-treated rats. This inhibition of ROCK activity was associated with improving lipid metabolism and anti-inflammation in vivo. Simvastatin was used as a standard agent in the present study.
Rats fed with a diet supplemented with 4% cholesterol, 1% sodium tauroglycocholate and 0.5% propylthiouracil for 4 weeks served as the experimental model of early phase of atherogenesis. The results of the present work revealed these animals developed obvious dyslipidemia, with increasing of TC and LDL-C, and decreasing of TG and HDL-C. The changes of TC, LDL-C and HDL-C were consistent with other studies, whereas, that of TG was different from them. 10, 18) In line with other published studies, simvastatin improved on serum lipid parameters. Moreover, treatment with fasudil markedly decreased the serum level of TC and elevated the serum level of HDL-C. Shah and Singh 19) also reported that fasudil markedly decreased serum concentrations of TC and TG; and increased that of HDL-C in hypercholesterolemic rats. The observed effect of fasudil on improve lipid metabolism might result from the activating peroxisome proliferator-activated receptor (PPAR)-a, which, secondarily mediated increase in production and secretion of apoA-I 20, 21) and decrease in the synthesis of cholesterol 22) by inhibition of ROCK. Noticeably, neither simvastatin nor fasudil could completely reverse the studied lipids to normal levels. This could be the result of persistent HCD feeding and suggested that dietary control should be the most impor- tant strategy in treating hyperlipemia.
Accumulating evidence shows that early atherosclerosis is characterized by the attraction of monocytes to the endothelium and penetration into the subendothelial space. Enhanced expressions of pro-inflammatory cytokines like ICAM, IL-8 and IL-6 accelerate this process. IL-6 also stimulates the production of CRP by hepatocytes. 23, 24) In addition, the levels of cytokines were visibly increasing in serum and circulating blood leukocytes in hypercholesterolemic patients compared with healthy subjects. 25) In this study, we detected significant amount of serum CRP, sICAM, IL-8, and IL-6 in hypercholesterolemic rats compared with control rats. We also demonstrated that simvastatin treatment could suppress the expression of CRP, sICAM, IL-6, and IL-8 in the serum. More notably, our results suggested that both doses of fasudil significantly ameliorated the elevation of sICAM, IL-6, and IL-8 levels, whereas, only high-dose fasudil restrained the CRP level. These data, together with previous studies showing anti-inflammation of statins are believed to be mediated by inhibition of ROCK pathway, 7, 8) indicated down-regulating the production of pro-inflammatory cytokines in fasudiltreated hypercholesterolemic rats might be through inhibiting ROCK activity.
The NF-kB is an important mediator in the vascular inflammatory processes, and its activation results in the up-regulation of inflammatory and cell adhesion molecules. Studies have shown NF-kB activation in advanced human atherosclerotic lesions 26) and early atherosclerotic plaques in LDLR-KO mice. 6) Furthermore, studies in vitro suggest that statins inhibit the activation of NF-kB. 27, 28) In this study, we showed that the mRNA expression of p65 subunit of NF-kB was upregulated, and translocation of activated NF-kB from cytoplasm to nucleolus augmented in hypercholesterolemic rats. Our data of fasudil inhibited the expression and activation of NF-kB in thoracic aorta indicated a potentially important role for NF-kB modulation in this context. RhoA was reported to activate NF-kB in murine NIH-3T3 fibroblasts and simian COS-7 fibroblast-like cells. 29, 30) Recently, fasudil was shown to restrain cytokine expressions in synoviocytes from rheumatoid arthritis patients and human endothelial cells by inhibiting NF-kB activation. 31) Our observations that fasudil inhibited the expression and activation of NF-kB in thoracic aorta indicated a potentially important role for NF-kB modulation in this context. Although changes in p65 expression did not reflect NF-kB activation, the pattern of p65 staining within the aortic wall highly suggested a nuclear associated staining. However, the precise mechanism of NF-kB activation warrants further investigation.
The expression of Rho-kinase is accelerated by remnant lipoproteins 32) or inflammatory stimuli through PKC/NF-kB pathway 33) and positively involved in its own expression. 34) In the present study, significant up-regulation of ROCK1 mRNA expression was shown in hypercholesterolemic aorta. Treatment with simvastatin or fasudil obviously inhibited the ROCK-1 mRNA expression induced by hypercholesterolemia. These results indicate that hypercholesterolemia not only activates but also up-regulates ROCK-1 mRNA expression; we speculate that this may result from the activation of NF-kB. Fasudil or simvastatin inhibits NF-kB translocation to the nucleus and next the activation by the inhibition of ROCK activity, which may account for the fact that they inhibits ROCK-1 mRNA expression. Of course, further studies will have to investigate the precise mechanism.
In accordance with the elevated inflammatory markers in serum from the HCD rats, histological examinations revealed a thickening of aortic intima and media that is compatible with the processes of atherosclerosis, while this morphological change could be prevented by treatment with simvastatin and fasudil. This finding further suggests anti-inflammatory effects of fasudil.
The effects of fasudil obtained at doses may be mediated through specific inhibition of ROCK. It has been demonstrated that hydroxyfasudil, a major active metabolite of fasudil after oral administration, has a more specific inhibitory effect on ROCK. The IC 50 values of hydroxyfasudil for ROCK1 were 0.73 mmol/l, 37 mmol/l for protein kinase A (PKA), and Ͼ100 mmol/l for protein kinase C (PKC) a, respectively. 35 ) Nonetheless, we cannot exclude the possibility that fasudil might inhibit other kinases.
In conclusion, the present study demonstrates that upregulated ROCK activity involves in inflammatory response in hypercholesterolemic rats, possibly through its modulatory activity on NF-kB activation. Furthermore, it indicates that fasudil has anti-inflammatory effects and may improve dyslipidemia, at least in part, through inhibiting ROCK activity in the hypercholesterolemic rats. Taken together, our results implicate the therapeutic potential of fasudil for treating inflammation and hypercholesterolemia.
